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We demonstrate room-temperature stabilization of dipolar magnetic skyrmions with diameters in
the range of 100 nm in a single ultrathin layer of the Heusler alloy Co2FeAl (CFA) under moder-
ate magnetic fields. Current-induced skyrmion dynamics in microwires is studied with a scanning
Nitrogen-Vacancy magnetometer operating in the photoluminescence quenching mode. We first
demonstrate skyrmion nucleation by spin-orbit torque and show that its efficiency can be signifi-
cantly improved using tilted magnetic fields, an effect which is not specific to Heusler alloys and could
be advantageous for future skyrmion-based devices. We then show that current-induced skyrmion
motion remains limited by strong pinning effects, even though CFA is a magnetic material with a
low magnetic damping parameter.
Since the first proposition to use magnetic skyrmions
for spintronic devices1, a concerted research effort has led
to the experimental demonstration of several key aspects
required to achieve this ambitious goal2,3. Skyrmions
have now been successfully observed at room tempera-
ture in numerous types of technologically-relevant mag-
netic materials4–10. Most of these results were obtained
in magnetic multilayer stacks lacking inversion symmetry,
in which the interfacial Dzyalosinskii-Moriya interaction
(iDMI) promotes chiral spin textures that can be effi-
ciently driven by spin-orbit torques11,12. In recent years,
skyrmion diameters ranging from the micrometer scale
down to a few tens of nanometers have been observed
depending on the balance between the strength of iDMI,
magnetic anisotropy and dipolar fields13,14. Current-
induced skyrmion motion has also been reported6,8,9,
however with velocities remaining much smaller than
those expected from seminal theoretical predictions12,15,
which points out the key role of sample defects in
skyrmion dynamics8,16–18. The last key requirement of
skyrmion nucleation was demonstrated by Joule heating
in nanotracks16, current concentration in constrictions 4
or point contact8, and spin-orbit torque action at sample
defects19,20.
A large variety of host materials are currently being
explored with the aim of optimizing the properties of
skyrmions for spintronic applications. Here, we investi-
gate the possibility to improve current-induced skyrmion
dynamics by using an Heusler alloy, a class of ferromag-
netic materials with an intrinsically low magnetic damp-
ing coefficient21. Although a skyrmion phase was re-
cently identified at low temperature in some Heusler al-
loys, such as Mn2CoAl and Mn2RhSn, by detecting a
topological Hall effect22–24, the stabilization of magnetic
skyrmions under ambient conditions has remained elu-
sive to date and the promise of Heusler alloys for efficient
skyrmion motion still needs to be explored.
In this paper, we employ a Nitrogen-Vacancy (NV)
magnetometer25 to demonstrate room-temperature sta-
bilization of dipolar magnetic skyrmions with diameters
in the range of 100 nm in a single ultrathin layer of the
Heusler alloy Co2FeAl (CFA) under moderate magnetic
fields. We then investigate skyrmion nucleation by spin-
orbit torque and show that its efficiency can be signif-
icantly improved using tilted magnetic fields, an effect
which is not specific to Heusler alloys and that could be
used in other systems. Finally current-induced skyrmion
motion is addressed, showing that pinning effects still
limit skyrmion velocity, even in a host material with low
magnetic damping.
The sample used in this study is a multilayer stack de-
posited by magnetron sputtering on a thermally oxidized
silicon wafer26. As shown in Figure 1(a), it consists of a
CFA layer with thickness t = 1.6 nm sandwiched between
3 nm of Pt and 1.8 nm of MgO. Prior to the growth of
this Pt(3)\CFA(1.6)\MgO(1.8) heterostructure, a 2-nm-
thick Ta buffer layer was deposited on the silicon sub-
strate. A capping layer of Ta was also added to pre-
vent oxidation of the stack. Hysteresis loops recorded
with a vibrating sample magnetometer (VSM) indicate a
uniaxial perpendicular magnetic anisotropy of the CFA
layer Ku = 8.9 × 105 J/m3 and a saturation magneti-
zation Ms = 1.14 × 106 A/m. In this sample, the ef-
fective anisotropy is therefore low, Keff = 74 kJ/m
3,
which induces a low domain wall energy and therefore
favors skyrmion stabilization through demagnetizing ef-
fects13,14. The strength of iDMI, which is another key
parameter for stabilizing skyrmions, was determined by
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FIG. 1: (a) Principle of the experiment. A scanning-NV mag-
netometer operating in the PL quenching mode is employed
to map the stray field produced above a 1-µm-wide magnetic
wire made of Ta(2)\Pt(3)\CFA(1.6)\MgO(1.8)\Ta(2) (units
in nm). A static magnetic field BNV is applied along the NV
axis uNV with a permanent magnet. The Au contact pads
are used for current injection. (b-d) PL quenching images
recorded for different external magnetic fields BNV above the
same area of the sample.
monitoring the non-reciprocal propagation of spin waves
with Brillouin light spectroscopy (BLS) in the Damon-
Eshbach geometry27,28, leading to an effective iDMI con-
stant D = −0.70 ± 0.06 mJ/m2, i.e. with the same
sign as Pt\Co\AlOx. Finally, a damping parameter
α ∼ 0.02 was inferred from BLS measurements. The
multilayer stack was patterned into 1-µm-wide magnetic
wires by using a combination of e-beam lithography and
ion milling. Ti\Au electrical contact pads were then
deposited for applying current pulses into the magnetic
wires.
Magnetic imaging was performed with a scanning-
NV magnetometer operating in the photoluminescence
(PL) quenching mode under ambient conditions25. As
sketched in Fig.1(a), a single NV defect located at the
apex of a diamond tip29,30 is integrated into an atomic
force microscope (AFM) and scanned above the magnetic
sample. The AFM system is combined with a confocal
optical microscope that collects the NV defect PL signal
at each point of the scan. When a magnetic field larger
than ∼ 5 mT is applied perpendicular to the NV defect
quantization axis, an efficient mixing of its electron spin
sub-levels leads to an overall reduction of the PL inten-
sity31,32. Here, this magnetic-field-induced PL quenching
is exploited to map regions of the sample producing large
stray fields with a spatial resolution fixed by the NV-to-
sample distance dNV
33,34. This parameter was measured
through the calibration procedure described in Ref. [35],
leading to dNV ∼ 80 nm. Figure 1(b) shows a typical
PL quenching image recorded at zero field above a 1-µm-
wide wire of the Pt\CFA\MgO stack. Dark PL contours
indicate high stray field areas, which correspond to a net-
work of domain walls organized in a worm-like structure.
Compared to magnetic force microscopy, the main advan-
tage of scanning-NV magnetometry is here the absence
of magnetic back-action on the sample. This is particu-
larly important for the study of spin textures in ultrathin
films, which are often highly sensitive to magnetic per-
turbations.
Nucleation of isolated dipolar skyrmions was first
achieved by applying a static magnetic field. In order
to avoid parasitic PL quenching effects, the external field
must be applied along the NV defect quantization axis
uNV, which is characterized by the independently mea-
sured polar angles (θ ≈ 45◦, φ ≈ 4◦) in the (x, y, z)
sample reference frame [see Fig. 1(a)]. For a magnetic
field BNV = 5 mT applied along the NV axis, the mag-
netic domains start to shrink, and for BNV = 13 mT
the worm-like domain structure fully collapses into iso-
lated skyrmions, with a minimum diameter in the range
of 100 nm. The variation in shape and size of the result-
ing skyrmions is linked to pinning effects arising from
structural disorder in the sample18,36,37.
We now investigate skyrmion nucleation induced by
short current pulses injected into the magnetic wire. As
shown in Fig. 2(a), the experiments start with a fully sat-
urated wire and a magnetic field BNV = 13 mT applied
along the NV quantization axis. We stress that this corre-
sponds to an in-plane field component Bx ≈ 9 mT along
the +ex direction. A bunch of three 30-ns pulses with
a current density J = 6 × 1011 A/m2 was first applied
along the −ex direction. In these conditions, skyrmions
are not nucleated in the magnetic wire [Fig. 2(b)]. By
simply reversing the current direction to +ex, nucleation
becomes highly efficient [Fig. 2(c)]. Such an asymmetric
nucleation process with the current polarity cannot be
explained solely by a thermal activation through Joule
heating16. The main driving force of the nucleation pro-
cess is here attributed to the spin orbit torque resulting
from the spin Hall effect (SHE) in the Pt layer, as ex-
plained below.
The SHE leads to a spin accumulation at the Pt\CFA
interface, which results in a damping-like torque associ-
ated with an effective magnetic field38
HSHE =
~θH
2eµ0Mst
(ez × J)×m ,
where θH denotes the spin Hall angle, which is positive
for Pt. The perpendicular magnetization component mz
leads to a SHE field along ±ex, with a sign fixed by the
3z
<latexit sh a1_base64="HXRyFv3iYt rDVt22pzuFiOqtgV4=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZCLX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A1U WPQA==</latexit><latexit sh a1_base64="HXRyFv3iYt rDVt22pzuFiOqtgV4=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZCLX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A1U WPQA==</latexit><latexit sh a1_base64="HXRyFv3iYt rDVt22pzuFiOqtgV4=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZCLX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A1U WPQA==</latexit> y
<latexit sh a1_base64="iW5OPdIoBL gfi/ZxPbDMpoZVXxk=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFvQIkk6rUMnDyYToZR +gVv9NvEP9C+8M05BLaIT kpw5954zc+8NM8Fz5XmvJ WdhcWl5pbxaWVvf2Nyqbu 9c52khI+ZHqUhlNwxyJnj CfMWVYN1MsiAOBeuEo3Md 7zwwmfM0uVLjjPXiYJjwA Y8CRVR7fFeteXXPLHceNC yowa5WWn3BLfpIEaFADIY EirBAgJyeGzTgISOuhwlx khA3cYYpKqQtKItRRkDs iL5D2t1YNqG99syNOqJTB L2SlC4OSJNSniSsT3NNvD DOmv3Ne2I89d3G9A+tV0y swj2xf+lmmf/V6VoUBjg1 NXCqKTOMri6yLoXpir65+ 6UqRQ4ZcRr3KS4JR0Y567 NrNLmpXfc2MPE3k6lZvY9 sboF3fUsacOPnOOeBf1Q/ q3vt41rTs5MuYw/7OKRxn qCJS7TgG+tHPOHZuXCEI x31meqUrGYX35Yz/QDS5o 8/</latexit><latexit sh a1_base64="iW5OPdIoBL gfi/ZxPbDMpoZVXxk=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFvQIkk6rUMnDyYToZR +gVv9NvEP9C+8M05BLaIT kpw5954zc+8NM8Fz5XmvJ WdhcWl5pbxaWVvf2Nyqbu 9c52khI+ZHqUhlNwxyJnj CfMWVYN1MsiAOBeuEo3Md 7zwwmfM0uVLjjPXiYJjwA Y8CRVR7fFeteXXPLHceNC yowa5WWn3BLfpIEaFADIY EirBAgJyeGzTgISOuhwlx khA3cYYpKqQtKItRRkDs iL5D2t1YNqG99syNOqJTB L2SlC4OSJNSniSsT3NNvD DOmv3Ne2I89d3G9A+tV0y swj2xf+lmmf/V6VoUBjg1 NXCqKTOMri6yLoXpir65+ 6UqRQ4ZcRr3KS4JR0Y567 NrNLmpXfc2MPE3k6lZvY9 sboF3fUsacOPnOOeBf1Q/ q3vt41rTs5MuYw/7OKRxn qCJS7TgG+tHPOHZuXCEI x31meqUrGYX35Yz/QDS5o 8/</latexit><latexit sh a1_base64="iW5OPdIoBL gfi/ZxPbDMpoZVXxk=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFvQIkk6rUMnDyYToZR +gVv9NvEP9C+8M05BLaIT kpw5954zc+8NM8Fz5XmvJ WdhcWl5pbxaWVvf2Nyqbu 9c52khI+ZHqUhlNwxyJnj CfMWVYN1MsiAOBeuEo3Md 7zwwmfM0uVLjjPXiYJjwA Y8CRVR7fFeteXXPLHceNC yowa5WWn3BLfpIEaFADIY EirBAgJyeGzTgISOuhwlx khA3cYYpKqQtKItRRkDs iL5D2t1YNqG99syNOqJTB L2SlC4OSJNSniSsT3NNvD DOmv3Ne2I89d3G9A+tV0y swj2xf+lmmf/V6VoUBjg1 NXCqKTOMri6yLoXpir65+ 6UqRQ4ZcRr3KS4JR0Y567 NrNLmpXfc2MPE3k6lZvY9 sboF3fUsacOPnOOeBf1Q/ q3vt41rTs5MuYw/7OKRxn qCJS7TgG+tHPOHZuXCEI x31meqUrGYX35Yz/QDS5o 8/</latexit>
x
<latexit sh a1_base64="i34+Tg2N3Y xCLsjmh9Q0QGcAxlc=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZiKX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A0I ePPg==</latexit><latexit sh a1_base64="i34+Tg2N3Y xCLsjmh9Q0QGcAxlc=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZiKX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A0I ePPg==</latexit><latexit sh a1_base64="i34+Tg2N3Y xCLsjmh9Q0QGcAxlc=">A AACw3icjVHLSsNAFD2Nr1 pfVZdugkVwVVIR1F1BEJc tGFuoRZLptIZOkzCZiKX 0C9zqt4l/oH/hnXEKahGd kOTMufecmXtvmIooU573W nAWFpeWV4qrpbX1jc2t8v bOdZbkknGfJSKR7TDIuIh i7qtICd5OJQ9GoeCtcHiu 4617LrMoia/UOOXdUTCIo 37EAkVU8+G2XPGqnlnuPK hZUIFdjaT8ghv0kIAhxwg cMRRhgQAZPR3U4CElrosJ cZJQZOIcU5RIm1MWp4yA 2CF9B7TrWDamvfbMjJrRK YJeSUoXB6RJKE8S1qe5Jp 4bZ83+5j0xnvpuY/qH1mt ErMIdsX/pZpn/1elaFPo4 NTVEVFNqGF0dsy656Yq+u fulKkUOKXEa9yguCTOjnP XZNZrM1K57G5j4m8nUrN4 zm5vjXd+SBlz7Oc554B9V z6pe87hS9+yki9jDPg5pn Ceo4xIN+Mb6EU94di4c4 UhHfaY6BavZxbflTD8A0I ePPg==</latexit>
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+ex
<latexit sha1_base64= "YBu9irCSJbN0j9bCdWNNPORy1G8=">AAACz3icjVH dSgJBGD1uf2Z/VpfdLEkQBLJGUN0J3XRpkSmoyOw46 uL+tTsbihjd9gTd1lNFb1Bv0TfTCkZIzbK7Z853zpn 5ZuzQdWJpWe8ZY2FxaXklu5pbW9/Y3Mpv79zGQRJxU eWBG0R1m8XCdXxRlY50RT2MBPNsV9TswYWq1+5FFD uBfyNHoWh5rOc7XYczSVTrqOkx2be7Y9EeTtr5Qqlo 6WFav8C0VEA6KkH+DU10EIAjgQcBH5KwC4aYngZKsB AS18KYuIiQo+sCE+TIm5BKkIIRO6Bvj2aNlPVprjJj 7ea0iktvRE4TB+QJSBcRVquZup7oZMXOyx7rTLW3Ef 3tNMsjVqJP7F++qfK/PtWLRBdnugeHego1o7rjaUq iT0Xt3JzpSlJCSJzCHapHhLl2Ts/Z1J5Y967Olun6h 1YqVs15qk3wqXY5e8HzQfW4eF60rk4K5eP0prPYwz4 O6TpPUcYlKqhS9B2e8YJX49oYGg/G47fUyKSeXfwYx tMX35iUbg==</latexit><latexit sha1_base64= "YBu9irCSJbN0j9bCdWNNPORy1G8=">AAACz3icjVH dSgJBGD1uf2Z/VpfdLEkQBLJGUN0J3XRpkSmoyOw46 uL+tTsbihjd9gTd1lNFb1Bv0TfTCkZIzbK7Z853zpn 5ZuzQdWJpWe8ZY2FxaXklu5pbW9/Y3Mpv79zGQRJxU eWBG0R1m8XCdXxRlY50RT2MBPNsV9TswYWq1+5FFD uBfyNHoWh5rOc7XYczSVTrqOkx2be7Y9EeTtr5Qqlo 6WFav8C0VEA6KkH+DU10EIAjgQcBH5KwC4aYngZKsB AS18KYuIiQo+sCE+TIm5BKkIIRO6Bvj2aNlPVprjJj 7ea0iktvRE4TB+QJSBcRVquZup7oZMXOyx7rTLW3Ef 3tNMsjVqJP7F++qfK/PtWLRBdnugeHego1o7rjaUq iT0Xt3JzpSlJCSJzCHapHhLl2Ts/Z1J5Y967Olun6h 1YqVs15qk3wqXY5e8HzQfW4eF60rk4K5eP0prPYwz4 O6TpPUcYlKqhS9B2e8YJX49oYGg/G47fUyKSeXfwYx tMX35iUbg==</latexit><latexit sha1_base64= "YBu9irCSJbN0j9bCdWNNPORy1G8=">AAACz3icjVH dSgJBGD1uf2Z/VpfdLEkQBLJGUN0J3XRpkSmoyOw46 uL+tTsbihjd9gTd1lNFb1Bv0TfTCkZIzbK7Z853zpn 5ZuzQdWJpWe8ZY2FxaXklu5pbW9/Y3Mpv79zGQRJxU eWBG0R1m8XCdXxRlY50RT2MBPNsV9TswYWq1+5FFD uBfyNHoWh5rOc7XYczSVTrqOkx2be7Y9EeTtr5Qqlo 6WFav8C0VEA6KkH+DU10EIAjgQcBH5KwC4aYngZKsB AS18KYuIiQo+sCE+TIm5BKkIIRO6Bvj2aNlPVprjJj 7ea0iktvRE4TB+QJSBcRVquZup7oZMXOyx7rTLW3Ef 3tNMsjVqJP7F++qfK/PtWLRBdnugeHego1o7rjaUq iT0Xt3JzpSlJCSJzCHapHhLl2Ts/Z1J5Y967Olun6h 1YqVs15qk3wqXY5e8HzQfW4eF60rk4K5eP0prPYwz4 O6TpPUcYlKqhS9B2e8YJX49oYGg/G47fUyKSeXfwYx tMX35iUbg==</latexit>
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<latexit sha1_base64= "V3Qs1zXzvERaHAt0E/wqh4Im+qk=">AAACz3icjVH LTsJAFD3UF+ILdemmkZi4kRRjou5I3LhEI0IChEyHA Rr6sp0aCMG49Qvc6lcZ/0D/wjtjSTCG6DRtz5x7zpm 5M3boOrG0rPeMsbC4tLySXc2trW9sbuW3d27jIIm4q PLADaK6zWLhOr6oSke6oh5Ggnm2K2r24ELVa/ciip 3Av5GjULQ81vOdrsOZJKp11PSY7NvdsWgPJ+18oVS0 9DCtX2BaKiAdlSD/hiY6CMCRwIOAD0nYBUNMTwMlWA iJa2FMXETI0XWBCXLkTUglSMGIHdC3R7NGyvo0V5mx dnNaxaU3IqeJA/IEpIsIq9VMXU90smLnZY91ptrbiP 52muURK9En9i/fVPlfn+pFoosz3YNDPYWaUd3xNCX Rp6J2bs50JSkhJE7hDtUjwlw7p+dsak+se1dny3T9Q ysVq+Y81Sb4VLucveD5oHpcPC9aVyeF8nF601nsYR+ HdJ2nKOMSFVQp+g7PeMGrcW0MjQfj8VtqZFLPLn4M4 +kL5G6UcA==</latexit><latexit sha1_base64= "V3Qs1zXzvERaHAt0E/wqh4Im+qk=">AAACz3icjVH LTsJAFD3UF+ILdemmkZi4kRRjou5I3LhEI0IChEyHA Rr6sp0aCMG49Qvc6lcZ/0D/wjtjSTCG6DRtz5x7zpm 5M3boOrG0rPeMsbC4tLySXc2trW9sbuW3d27jIIm4q PLADaK6zWLhOr6oSke6oh5Ggnm2K2r24ELVa/ciip 3Av5GjULQ81vOdrsOZJKp11PSY7NvdsWgPJ+18oVS0 9DCtX2BaKiAdlSD/hiY6CMCRwIOAD0nYBUNMTwMlWA iJa2FMXETI0XWBCXLkTUglSMGIHdC3R7NGyvo0V5mx dnNaxaU3IqeJA/IEpIsIq9VMXU90smLnZY91ptrbiP 52muURK9En9i/fVPlfn+pFoosz3YNDPYWaUd3xNCX Rp6J2bs50JSkhJE7hDtUjwlw7p+dsak+se1dny3T9Q ysVq+Y81Sb4VLucveD5oHpcPC9aVyeF8nF601nsYR+ HdJ2nKOMSFVQp+g7PeMGrcW0MjQfj8VtqZFLPLn4M4 +kL5G6UcA==</latexit><latexit sha1_base64= "V3Qs1zXzvERaHAt0E/wqh4Im+qk=">AAACz3icjVH LTsJAFD3UF+ILdemmkZi4kRRjou5I3LhEI0IChEyHA Rr6sp0aCMG49Qvc6lcZ/0D/wjtjSTCG6DRtz5x7zpm 5M3boOrG0rPeMsbC4tLySXc2trW9sbuW3d27jIIm4q PLADaK6zWLhOr6oSke6oh5Ggnm2K2r24ELVa/ciip 3Av5GjULQ81vOdrsOZJKp11PSY7NvdsWgPJ+18oVS0 9DCtX2BaKiAdlSD/hiY6CMCRwIOAD0nYBUNMTwMlWA iJa2FMXETI0XWBCXLkTUglSMGIHdC3R7NGyvo0V5mx dnNaxaU3IqeJA/IEpIsIq9VMXU90smLnZY91ptrbiP 52muURK9En9i/fVPlfn+pFoosz3YNDPYWaUd3xNCX Rp6J2bs50JSkhJE7hDtUjwlw7p+dsak+se1dny3T9Q ysVq+Y81Sb4VLucveD5oHpcPC9aVyeF8nF601nsYR+ HdJ2nKOMSFVQp+g7PeMGrcW0MjQfj8VtqZFLPLn4M4 +kL5G6UcA==</latexit>
normalized PL
400 nm
(a)
(b)
(c)
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Bx
<latexit sha1_base64="CCJC+FQzJRMF7jRgCJZ1 +MKa4PM=">AAACx3icjVHLSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYLRQS0mm0zo0TcJkUlpKF36BW/0y8Q /0L7wzpqIW0QlJzpx7z5m59/pxIBLlOC85a25+YXEpv1xYWV1b3yhubl0nUSoZd1kURLLuewkPRMhdJVTA6 7HkXt8P+I3fO9PxmwGXiYjCKzWKebPvdUPREcxTRLmnrfFw0iqWnLJjlv0JKj9BCdmqRcVn3KKNCAwp+uAIo QgH8JDQ00AFDmLimhgTJwkJE+eYoEDalLI4ZXjE9ujbpV0jY0Paa8/EqBmdEtArSWljjzQR5UnC+jTbxFPjr NnfvMfGU99tRH8/8+oTq3BH7F+6aeZ/dboWhQ6OTQ2CaooNo6tjmUtquqJvbn+pSpFDTJzGbYpLwswop322 jSYxteveeib+ajI1q/csy03xpm9JA54Z5yxwD8onZefysFR1sknnsYNd7NM4j1DFOWpwyVrgAY94si6s2BpY w49UK5dptvFtWffvN32RAA==</latexit><latexit sha1_base64="CCJC+FQzJRMF7jRgCJZ1 +MKa4PM=">AAACx3icjVHLSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYLRQS0mm0zo0TcJkUlpKF36BW/0y8Q /0L7wzpqIW0QlJzpx7z5m59/pxIBLlOC85a25+YXEpv1xYWV1b3yhubl0nUSoZd1kURLLuewkPRMhdJVTA6 7HkXt8P+I3fO9PxmwGXiYjCKzWKebPvdUPREcxTRLmnrfFw0iqWnLJjlv0JKj9BCdmqRcVn3KKNCAwp+uAIo QgH8JDQ00AFDmLimhgTJwkJE+eYoEDalLI4ZXjE9ujbpV0jY0Paa8/EqBmdEtArSWljjzQR5UnC+jTbxFPjr NnfvMfGU99tRH8/8+oTq3BH7F+6aeZ/dboWhQ6OTQ2CaooNo6tjmUtquqJvbn+pSpFDTJzGbYpLwswop322 jSYxteveeib+ajI1q/csy03xpm9JA54Z5yxwD8onZefysFR1sknnsYNd7NM4j1DFOWpwyVrgAY94si6s2BpY w49UK5dptvFtWffvN32RAA==</latexit><latexit sha1_base64="CCJC+FQzJRMF7jRgCJZ1 +MKa4PM=">AAACx3icjVHLSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYLRQS0mm0zo0TcJkUlpKF36BW/0y8Q /0L7wzpqIW0QlJzpx7z5m59/pxIBLlOC85a25+YXEpv1xYWV1b3yhubl0nUSoZd1kURLLuewkPRMhdJVTA6 7HkXt8P+I3fO9PxmwGXiYjCKzWKebPvdUPREcxTRLmnrfFw0iqWnLJjlv0JKj9BCdmqRcVn3KKNCAwp+uAIo QgH8JDQ00AFDmLimhgTJwkJE+eYoEDalLI4ZXjE9ujbpV0jY0Paa8/EqBmdEtArSWljjzQR5UnC+jTbxFPjr NnfvMfGU99tRH8/8+oTq3BH7F+6aeZ/dboWhQ6OTQ2CaooNo6tjmUtquqJvbn+pSpFDTJzGbYpLwswop322 jSYxteveeib+ajI1q/csy03xpm9JA54Z5yxwD8onZefysFR1sknnsYNd7NM4j1DFOWpwyVrgAY94si6s2BpY w49UK5dptvFtWffvN32RAA==</latexit>
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<latexit sha1_base64= "Tj42SNABkotzqxcGZYRIZA0ieKs=">AAACx3icjVH LSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYGyhlpJMp 3UwTcJkUqylC7/ArX6Z+Af6F94ZU1GL6IQkZ86958z ce/04EIlynJecNTM7N7+QXywsLa+srhXXNy6TKJWMu ywKItnwvYQHIuSuEirgjVhyr+8HvO7fnOh4fcBlIq LwQg1j3up7vVB0BfMUUe5xe3Q3bhdLTtkxy/4ElZ+g hGzVouIzrtBBBIYUfXCEUIQDeEjoaaICBzFxLYyIk4 SEiXOMUSBtSlmcMjxib+jbo10zY0Paa8/EqBmdEtAr SWljhzQR5UnC+jTbxFPjrNnfvEfGU99tSH8/8+oTq3 BN7F+6SeZ/dboWhS4OTQ2CaooNo6tjmUtquqJvbn+ pSpFDTJzGHYpLwswoJ322jSYxteveeib+ajI1q/csy 03xpm9JA54a5zRw98pHZed8v1R1sknnsYVt7NI4D1D FKWpwyVrgAY94ss6s2BpYtx+pVi7TbOLbsu7fATw9k QI=</latexit><latexit sha1_base64= "Tj42SNABkotzqxcGZYRIZA0ieKs=">AAACx3icjVH LSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYGyhlpJMp 3UwTcJkUqylC7/ArX6Z+Af6F94ZU1GL6IQkZ86958z ce/04EIlynJecNTM7N7+QXywsLa+srhXXNy6TKJWMu ywKItnwvYQHIuSuEirgjVhyr+8HvO7fnOh4fcBlIq LwQg1j3up7vVB0BfMUUe5xe3Q3bhdLTtkxy/4ElZ+g hGzVouIzrtBBBIYUfXCEUIQDeEjoaaICBzFxLYyIk4 SEiXOMUSBtSlmcMjxib+jbo10zY0Paa8/EqBmdEtAr SWljhzQR5UnC+jTbxFPjrNnfvEfGU99tSH8/8+oTq3 BN7F+6SeZ/dboWhS4OTQ2CaooNo6tjmUtquqJvbn+ pSpFDTJzGHYpLwswoJ322jSYxteveeib+ajI1q/csy 03xpm9JA54a5zRw98pHZed8v1R1sknnsYVt7NI4D1D FKWpwyVrgAY94ss6s2BpYtx+pVi7TbOLbsu7fATw9k QI=</latexit><latexit sha1_base64= "Tj42SNABkotzqxcGZYRIZA0ieKs=">AAACx3icjVH LSsNAFD2Nr1pfVZdugkVwVVIR1F3RjbiqYGyhlpJMp 3UwTcJkUqylC7/ArX6Z+Af6F94ZU1GL6IQkZ86958z ce/04EIlynJecNTM7N7+QXywsLa+srhXXNy6TKJWMu ywKItnwvYQHIuSuEirgjVhyr+8HvO7fnOh4fcBlIq LwQg1j3up7vVB0BfMUUe5xe3Q3bhdLTtkxy/4ElZ+g hGzVouIzrtBBBIYUfXCEUIQDeEjoaaICBzFxLYyIk4 SEiXOMUSBtSlmcMjxib+jbo10zY0Paa8/EqBmdEtAr SWljhzQR5UnC+jTbxFPjrNnfvEfGU99tSH8/8+oTq3 BN7F+6SeZ/dboWhS4OTQ2CaooNo6tjmUtquqJvbn+ pSpFDTJzGHYpLwswoJ322jSYxteveeib+ajI1q/csy 03xpm9JA54a5zRw98pHZed8v1R1sknnsYVt7NI4D1D FKWpwyVrgAY94ss6s2BpYtx+pVi7TbOLbsu7fATw9k QI=</latexit>
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FIG. 2: Current-induced skyrmion nucleation. (a) PL
quenching image recorded over a saturated magnetic wire.
The same wire is imaged after applying a bunch of three 30-
ns current pulses with J = 6× 1011 A/m2 (b) along the −ex
direction and (c) along the +ex direction. These experiments
are performed with an external magnetic field BNV = 13 mT,
which correspond to an in-plane field component Bx ≈ 9 mT
(see blue arrows).
current direction. This effective field induces a slight tilt
of the magnetization but does not favor magnetization re-
versal for a particular current polarity39. However, in our
experiments the external magnetic field Bx breaks the
symmetry by producing an in-plane magnetization com-
ponent mx, which modifies the effect of the SHE-induced
torque and promotes a switching directionality, as previ-
ously invoked in the context of magnetization reversal in
thin magnetic nanodots39. More precisely, the mx com-
ponent leads to an effective SHE field perpendicular to
the sample surface, which can switch the magnetization
and assist skyrmion nucleation. In our case, the in-plane
component of the external field being along +ex, mx is
positive, and HSHE has a component along −ez (resp.
+ez) when the current is applied along +ex (resp. −ex).
Starting from a saturated state with mz > 0, skyrmion
nucleation is therefore expected to be more efficient for
a current applied along +ex, in agreement with the ex-
perimental observation.
This qualitative interpretation was confirmed by mi-
cromagnetic simulations of the nucleation process using
the MuMax3 code40 with magnetic parameters extracted
from independent measurements. Thickness fluctuations
of the magnetic layer with a relative amplitude of 2 %
were included in the simulation following the procedure
described in Ref. [18]. Such a structural disorder provides
a network of nucleation centers in the sample. A mag-
netic field Bz = 9 mT was always applied perpendicular
to the sample surface and the nucleation process was sim-
ulated by applying a single 2-ns long current pulse. The
initial state was chosen to be uniform along the perpen-
dicular field direction, so that nucleated skyrmion cores
are opposite to this field. The skyrmion density was ex-
tracted from the simulated magnetization maps, while
varying (i) the current density and (ii) the in-plane mag-
netic field component Bx. We note that these simulations
do not intend to quantitatively reproduce the experimen-
tal observations because we lack an accurate description
of several key parameters of the experiment, such as the
pinning landscape induced by structural disorder or ther-
mal activation.
Simulations of the nucleated skyrmion density as a
function of the current density are shown in Fig. 3(a).
Without in-plane magnetic field, skyrmion nucleation
is obtained above a current threshold Jth ≈ 1.6 ×
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Current density J [⇥1011A/m2]
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(a)
(b)
Magnetic field Bx [mT]
<latexit sha1_base64="9PWpKltxw5nCaYsUQ9CMsxDxBbE=">A AAC7nicjVHLahRBFD1pzdMYR7N0U2QQxMXQIwGT3aAbN4EIGROYGYbumppYpF+prg6GZv7BnStx6xdkG/9C/APzF56qdMAkSFJNd5977j2 n6taNi0SXNgx/zwUPHs4vLC4trzxafbz2pPX02ccyr4xUfZknuTmIo1IlOlN9q22iDgqjojRO1H589M7l90+UKXWe7dnTQo3S6DDTUy0j S2rcelUPTSp2SCqrpRiKqVbJZDYUb8f15xnjAfN1ujcbiXGrHXZCv8Rt0G1AG83azVu/MMQEOSQqpFDIYIkTRCj5DNBFiILcCDU5Q6R9Xm GGFWorVilWRGSP+D1kNGjYjLHzLL1acpeEr6FS4AU1OesMsdtN+HzlnR37P+/ae7qznfIfN14pWYtPZO/SXVXeV+d6sZhiy/eg2VPhGde dbFwqfyvu5OKfriwdCnIOT5g3xNIrr+5ZeE3pe3d3G/n8H1/pWBfLprbChTslB9y9Oc7boP+6s90JP2y2e2Ez6SU8xwZecpxv0MN77KJP6 y84wzl+BsfB1+Bb8P2yNJhrNOu4toIffwFMT5+h</latexit><latexit sha1_base64="9PWpKltxw5nCaYsUQ9CMsxDxBbE=">A AAC7nicjVHLahRBFD1pzdMYR7N0U2QQxMXQIwGT3aAbN4EIGROYGYbumppYpF+prg6GZv7BnStx6xdkG/9C/APzF56qdMAkSFJNd5977j2 n6taNi0SXNgx/zwUPHs4vLC4trzxafbz2pPX02ccyr4xUfZknuTmIo1IlOlN9q22iDgqjojRO1H589M7l90+UKXWe7dnTQo3S6DDTUy0j S2rcelUPTSp2SCqrpRiKqVbJZDYUb8f15xnjAfN1ujcbiXGrHXZCv8Rt0G1AG83azVu/MMQEOSQqpFDIYIkTRCj5DNBFiILcCDU5Q6R9Xm GGFWorVilWRGSP+D1kNGjYjLHzLL1acpeEr6FS4AU1OesMsdtN+HzlnR37P+/ae7qznfIfN14pWYtPZO/SXVXeV+d6sZhiy/eg2VPhGde dbFwqfyvu5OKfriwdCnIOT5g3xNIrr+5ZeE3pe3d3G/n8H1/pWBfLprbChTslB9y9Oc7boP+6s90JP2y2e2Ez6SU8xwZecpxv0MN77KJP6 y84wzl+BsfB1+Bb8P2yNJhrNOu4toIffwFMT5+h</latexit><latexit sha1_base64="9PWpKltxw5nCaYsUQ9CMsxDxBbE=">A AAC7nicjVHLahRBFD1pzdMYR7N0U2QQxMXQIwGT3aAbN4EIGROYGYbumppYpF+prg6GZv7BnStx6xdkG/9C/APzF56qdMAkSFJNd5977j2 n6taNi0SXNgx/zwUPHs4vLC4trzxafbz2pPX02ccyr4xUfZknuTmIo1IlOlN9q22iDgqjojRO1H589M7l90+UKXWe7dnTQo3S6DDTUy0j S2rcelUPTSp2SCqrpRiKqVbJZDYUb8f15xnjAfN1ujcbiXGrHXZCv8Rt0G1AG83azVu/MMQEOSQqpFDIYIkTRCj5DNBFiILcCDU5Q6R9Xm GGFWorVilWRGSP+D1kNGjYjLHzLL1acpeEr6FS4AU1OesMsdtN+HzlnR37P+/ae7qznfIfN14pWYtPZO/SXVXeV+d6sZhiy/eg2VPhGde dbFwqfyvu5OKfriwdCnIOT5g3xNIrr+5ZeE3pe3d3G/n8H1/pWBfLprbChTslB9y9Oc7boP+6s90JP2y2e2Ez6SU8xwZecpxv0MN77KJP6 y84wzl+BsfB1+Bb8P2yNJhrNOu4toIffwFMT5+h</latexit>
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<latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit><latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit><latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit>
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<latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit><latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit><latexit sha1_base64="OA7WYqsJClYGZCh808YfvfrCelM=">AAAC13icjVHLSsNAFD3GV31Hu3QzWARxUVIRtAuh6MalglHRlpKk0xrMi8lELKHgStz6BW71i8Q/0L /wzpiCIkUnJDlz7jln5s64SeCn0rLexozxicmp6dLM7Nz8wuKSubxymsaZ8LjtxUEszl0n5YEfcVv6MuDnieBO6Ab8zL0+UPWzGy5SP45OZD/hrdDpRX7X9xxJVNss77fz28FenTVZ3hQhC08GrG1WalVLD2b9AsNSBcU4is1XNNFBDA8ZQnBEkIQDOEjpuUQNFhLiWsiJE4R8XecYYJa8Gak4KRxir+nbo9llwUY0V5mpdnu0SkCvICfDOnli0gnCaj Wm65lOVuyo7Fxnqr316e8WWSGxElfE/uUbKv/rU71IdLGre/Cpp0QzqjuvSMn0qaids29dSUpIiFO4Q3VB2NPO4Tkz7Ul17+psHV1/10rFqrlXaDN8qF1+v+DRwN6q1qvW8XalsVncdAmrWMMGXecOGjjEEWyK7uMJz3gxLow74954+JIaY4WnjB/DePwEM6yV/Q==</latexit>
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<latexit sha1_base64="v3loJbyqRco+/VZ2yjN2an4YMok=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUFHUhFN24rNDaoi0lSUcNzYvJRCyl4Erc+gVu9YvEP9 C/8M6Yig9EJyQ5c+49Z+bea0eeG0vTfM4YY+MTk1PZ6dzM7Nz8Qn5x6TgOE+HwuhN6oWjaVsw9N+B16UqPNyPBLd/2eMPuHah445KL2A2DmuxHvO1b54F75jqWJKqTL+x3BlfDvS3WYoOW8JlfG7JOvmiWTL3YByh/B0Wkqxrmn9BCFyEcJPDBEUAS9mAhpucUZZiIiGtjQJwg5Oo4xxA50iaUxSnDIrZH33PanaZsQHvlGWu1Q6d49ApSMqySJqQ8QV idxnQ80c6K/c17oD3V3fr0t1Mvn1iJC2L/0o0y/6tTtUicYUfX4FJNkWZUdU7qkuiuqJuzT1VJcoiIU7hLcUHY0cpRn5nWxLp21VtLx190pmLV3klzE7yqW9KAf4zzJ6hvlHZL5tFmsbKeTjqLZaxgjca5jQoOUUWdrPu4xwMejRPj2rgxbt9TjUyqKeDLMu7eACnulfk=</latexit><latexit sha1_base64="v3loJbyqRco+/VZ2yjN2an4YMok=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUFHUhFN24rNDaoi0lSUcNzYvJRCyl4Erc+gVu9YvEP9 C/8M6Yig9EJyQ5c+49Z+bea0eeG0vTfM4YY+MTk1PZ6dzM7Nz8Qn5x6TgOE+HwuhN6oWjaVsw9N+B16UqPNyPBLd/2eMPuHah445KL2A2DmuxHvO1b54F75jqWJKqTL+x3BlfDvS3WYoOW8JlfG7JOvmiWTL3YByh/B0Wkqxrmn9BCFyEcJPDBEUAS9mAhpucUZZiIiGtjQJwg5Oo4xxA50iaUxSnDIrZH33PanaZsQHvlGWu1Q6d49ApSMqySJqQ8QV idxnQ80c6K/c17oD3V3fr0t1Mvn1iJC2L/0o0y/6tTtUicYUfX4FJNkWZUdU7qkuiuqJuzT1VJcoiIU7hLcUHY0cpRn5nWxLp21VtLx190pmLV3klzE7yqW9KAf4zzJ6hvlHZL5tFmsbKeTjqLZaxgjca5jQoOUUWdrPu4xwMejRPj2rgxbt9TjUyqKeDLMu7eACnulfk=</latexit><latexit sha1_base64="v3loJbyqRco+/VZ2yjN2an4YMok=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUFHUhFN24rNDaoi0lSUcNzYvJRCyl4Erc+gVu9YvEP9 C/8M6Yig9EJyQ5c+49Z+bea0eeG0vTfM4YY+MTk1PZ6dzM7Nz8Qn5x6TgOE+HwuhN6oWjaVsw9N+B16UqPNyPBLd/2eMPuHah445KL2A2DmuxHvO1b54F75jqWJKqTL+x3BlfDvS3WYoOW8JlfG7JOvmiWTL3YByh/B0Wkqxrmn9BCFyEcJPDBEUAS9mAhpucUZZiIiGtjQJwg5Oo4xxA50iaUxSnDIrZH33PanaZsQHvlGWu1Q6d49ApSMqySJqQ8QV idxnQ80c6K/c17oD3V3fr0t1Mvn1iJC2L/0o0y/6tTtUicYUfX4FJNkWZUdU7qkuiuqJuzT1VJcoiIU7hLcUHY0cpRn5nWxLp21VtLx190pmLV3klzE7yqW9KAf4zzJ6hvlHZL5tFmsbKeTjqLZaxgjca5jQoOUUWdrPu4xwMejRPj2rgxbt9TjUyqKeDLMu7eACnulfk=</latexit>
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T
<latexit sha1_base64="FbUfmNNeqB4oA+GRyFML8JEiqz0=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUBHUhFN24rNDaYltKkk41mBeTiVhKwZW49Qvc6heJf6 B/4Z0xBbWITkhy5tx7zsy91448N5am+ZoxpqZnZuey87mFxaXllfzq2lkcJsLhdSf0QtG0rZh7bsDr0pUeb0aCW77t8YZ9dazijWsuYjcManIQ8Y5vXQRu33UsSVQ3XzjqDm9GhyZrs2Fb+MyvjVg3XzRLpl5sEpRTUES6qmH+BW30EMJBAh8cASRhDxZieloow0REXAdD4gQhV8c5RsiRNqEsThkWsVf0vaBdK2UD2ivPWKsdOsWjV5CSYZM0IeUJwu o0puOJdlbsb95D7anuNqC/nXr5xEpcEvuXbpz5X52qRaKPfV2DSzVFmlHVOalLoruibs6+VCXJISJO4R7FBWFHK8d9ZloT69pVby0df9OZilV7J81N8K5uSQMu/xznJKjvlA5K5ulusbKdTjqLdWxgi8a5hwpOUEWdrAd4xBOejXPj1rgz7j9TjUyqKeDbMh4+ABuOlfM=</latexit><latexit sha1_base64="FbUfmNNeqB4oA+GRyFML8JEiqz0=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUBHUhFN24rNDaYltKkk41mBeTiVhKwZW49Qvc6heJf6 B/4Z0xBbWITkhy5tx7zsy91448N5am+ZoxpqZnZuey87mFxaXllfzq2lkcJsLhdSf0QtG0rZh7bsDr0pUeb0aCW77t8YZ9dazijWsuYjcManIQ8Y5vXQRu33UsSVQ3XzjqDm9GhyZrs2Fb+MyvjVg3XzRLpl5sEpRTUES6qmH+BW30EMJBAh8cASRhDxZieloow0REXAdD4gQhV8c5RsiRNqEsThkWsVf0vaBdK2UD2ivPWKsdOsWjV5CSYZM0IeUJwu o0puOJdlbsb95D7anuNqC/nXr5xEpcEvuXbpz5X52qRaKPfV2DSzVFmlHVOalLoruibs6+VCXJISJO4R7FBWFHK8d9ZloT69pVby0df9OZilV7J81N8K5uSQMu/xznJKjvlA5K5ulusbKdTjqLdWxgi8a5hwpOUEWdrAd4xBOejXPj1rgz7j9TjUyqKeDbMh4+ABuOlfM=</latexit><latexit sha1_base64="FbUfmNNeqB4oA+GRyFML8JEiqz0=">AAAC13icjVHLSsNAFD2Nr1pf1S7dDBZBXJRUBHUhFN24rNDaYltKkk41mBeTiVhKwZW49Qvc6heJf6 B/4Z0xBbWITkhy5tx7zsy91448N5am+ZoxpqZnZuey87mFxaXllfzq2lkcJsLhdSf0QtG0rZh7bsDr0pUeb0aCW77t8YZ9dazijWsuYjcManIQ8Y5vXQRu33UsSVQ3XzjqDm9GhyZrs2Fb+MyvjVg3XzRLpl5sEpRTUES6qmH+BW30EMJBAh8cASRhDxZieloow0REXAdD4gQhV8c5RsiRNqEsThkWsVf0vaBdK2UD2ivPWKsdOsWjV5CSYZM0IeUJwu o0puOJdlbsb95D7anuNqC/nXr5xEpcEvuXbpz5X52qRaKPfV2DSzVFmlHVOalLoruibs6+VCXJISJO4R7FBWFHK8d9ZloT69pVby0df9OZilV7J81N8K5uSQMu/xznJKjvlA5K5ulusbKdTjqLdWxgi8a5hwpOUEWdrAd4xBOejXPj1rgz7j9TjUyqKeDbMh4+ABuOlfM=</latexit>
J =  J ex
<latexit sha1_base64="UzpswsIwCvmue7LWRDIhiaNJ44Q=">A AAC4HicjVHLSsNAFD2Nr1pfUZe6CBbBjSUVQV0IBTfSVQVrC20pyXTaBvMimYildOPOlbj1C9zqz4h/oH/hnTEFtYhOSHLuufecmTvXDl0 nFqb5mtGmpmdm57LzuYXFpeUVfXXtIg6SiPEqC9wgqttWzF3H51XhCJfXw4hbnu3ymn15IvO1Kx7FTuCfi0HIW57V852uwyxBVFvfbHqW 6NvdYXl0vFs2msY45u3rUVvPmwVTLWMSFFOQR7oqgf6CJjoIwJDAA4cPQdiFhZieBoowERLXwpC4iJCj8hwj5EibUBWnCovYS/r2KGqkrE +x9IyVmtEuLr0RKQ1skyaguoiw3M1Q+UQ5S/Y376HylGcb0N9OvTxiBfrE/qUbV/5XJ3sR6OJQ9eBQT6FiZHcsdUnUrciTG1+6EuQQEid xh/IRYaaU43s2lCZWvcu7tVT+TVVKVsYsrU3wLk9JAy7+HOckqO4Vjgrm2X6+VEgnncUGtrBD4zxACaeooErWN3jEE541pt1qd9r9Z6mWS TXr+La0hw9uHJpl</latexit><latexit sha1_base64="UzpswsIwCvmue7LWRDIhiaNJ44Q=">A AAC4HicjVHLSsNAFD2Nr1pfUZe6CBbBjSUVQV0IBTfSVQVrC20pyXTaBvMimYildOPOlbj1C9zqz4h/oH/hnTEFtYhOSHLuufecmTvXDl0 nFqb5mtGmpmdm57LzuYXFpeUVfXXtIg6SiPEqC9wgqttWzF3H51XhCJfXw4hbnu3ymn15IvO1Kx7FTuCfi0HIW57V852uwyxBVFvfbHqW 6NvdYXl0vFs2msY45u3rUVvPmwVTLWMSFFOQR7oqgf6CJjoIwJDAA4cPQdiFhZieBoowERLXwpC4iJCj8hwj5EibUBWnCovYS/r2KGqkrE +x9IyVmtEuLr0RKQ1skyaguoiw3M1Q+UQ5S/Y376HylGcb0N9OvTxiBfrE/qUbV/5XJ3sR6OJQ9eBQT6FiZHcsdUnUrciTG1+6EuQQEid xh/IRYaaU43s2lCZWvcu7tVT+TVVKVsYsrU3wLk9JAy7+HOckqO4Vjgrm2X6+VEgnncUGtrBD4zxACaeooErWN3jEE541pt1qd9r9Z6mWS TXr+La0hw9uHJpl</latexit><latexit sha1_base64="UzpswsIwCvmue7LWRDIhiaNJ44Q=">A AAC4HicjVHLSsNAFD2Nr1pfUZe6CBbBjSUVQV0IBTfSVQVrC20pyXTaBvMimYildOPOlbj1C9zqz4h/oH/hnTEFtYhOSHLuufecmTvXDl0 nFqb5mtGmpmdm57LzuYXFpeUVfXXtIg6SiPEqC9wgqttWzF3H51XhCJfXw4hbnu3ymn15IvO1Kx7FTuCfi0HIW57V852uwyxBVFvfbHqW 6NvdYXl0vFs2msY45u3rUVvPmwVTLWMSFFOQR7oqgf6CJjoIwJDAA4cPQdiFhZieBoowERLXwpC4iJCj8hwj5EibUBWnCovYS/r2KGqkrE +x9IyVmtEuLr0RKQ1skyaguoiw3M1Q+UQ5S/Y376HylGcb0N9OvTxiBfrE/qUbV/5XJ3sR6OJQ9eBQT6FiZHcsdUnUrciTG1+6EuQQEid xh/IRYaaU43s2lCZWvcu7tVT+TVVKVsYsrU3wLk9JAy7+HOckqO4Vjgrm2X6+VEgnncUGtrBD4zxACaeooErWN3jEE541pt1qd9r9Z6mWS TXr+La0hw9uHJpl</latexit>
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FIG. 3: Simulations of the skyrmion nucleation process. (a)
Variation of the nucleated skyrmion density as a function
of the current density and polarity, for three values of the
in-plane magnetic field Bx. The inset shows a typical sim-
ulated magnetization map obtained for Bx = 9 mT and
J = 1.65×1011 A/m2 applied along +ex. (b) Current thresh-
old for skyrmion nucleation, Jth, as a function of Bx for the
two different current polarities.
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FIG. 4: Current-induced skyrmion motion. (a-c) Series
of PL quenching images recorded above a magnetic wire af-
ter applying subsequent 30-ns pulses with a current density
J = 3×1011 A/m2 along the +ex direction. (d-e) Same exper-
iments performed on another wire while reversing the current
polarity and using 15-ns pulses with J = 4.5 × 1011 A/m2.
All images are recorded with a magnetic field BNV = 13 mT
applied along the NV axis.
1011 A/m2, independently of the current polarity. This
nucleation threshold is found to be tuned by an in-plane
magnetic field. More precisely, Jth decreases when the
current is applied along the in-plane field direction (+ex),
and increases when the current direction is reversed. As
discussed earlier, this effect is expected from the symme-
try of the SHE-induced torque. This is further illustrated
by Figure 3(b) showing the evolution of Jth as a function
of the in-plane magnetic field. For Bx = 10 mT, the nu-
cleation threshold decreases (resp. increases) by ≈ 20%
when the current is applied along +ex (resp. −ex). This
effect leads to an asymmetric nucleation efficiency with
the current polarity, as observed in our experiments. Al-
though recent reports in the literature have also invoked
SHE-induced torque as a driving force to explain deter-
ministic skyrmion nucleation19,20, our work demonstrates
that its efficiency can be significantly improved by apply-
ing an additional in-plane magnetic field.
Once the microwires are filled with isolated skyrmions,
we then investigate their current-induced motion. To
this end, PL quenching images were recorded after ap-
plying subsequent single current pulses with a magnetic
field BNV = 13 mT applied along the NV axis. In or-
der to avoid nucleation or annihilation of skyrmions by
Joule heating and SHE-induced torque, the current den-
sity was decreased to study their dynamics. Figure 4(a-
c) shows the initial magnetic configuration of a wire
and those observed after applying single 30-ns current
pulses along the +ex direction with a current density
J = 3× 1011 A/m2. Although most of the magnetic tex-
tures remain pinned in the wire, current-induced motion
can be observed for some skyrmions. Importantly, the
motion is found against the electron flow. This observa-
tion was confirmed in another wire in which the current
polarity was reversed, as shown in Fig. 4(d-f). This sug-
gests that the SHE is the principal source of motion and
that the skyrmions are of Ne´el type with a left-handed
chirality 12,41, in agreement with the negative value of the
iDMI constant measured by Brillouin light spectroscopy.
We note that skyrmion displacements are not equal for
successive current pulses owing to pinning effects. The
motion is thus in the hopping regime, which prevents a
clear observation of the skyrmion Hall effect42. Neverthe-
less, based on the data shown in Fig. 4, we can estimate
a velocity in the range of ≈ 10 m/s. It is worth men-
tioning that motion at higher current density could not
be studied owing to parasitic skyrmion nucleation or an-
nihilation effects. Although thin layers of CFA exhibit a
low damping parameter, our observations indicate that
skyrmion dynamics remain limited by strong pinning ef-
fects in this material.
In conclusion, we have used scanning-NV magne-
tometry in photoluminescence quenching mode to
image current-induced nucleation and dynamics of
dipolar skyrmions in a Co-based Heusler alloy at room
temperature. Skyrmion nucleation was found to be
asymmetric with the current polarity. This asymmetry
is attributed to the SHE-induced spin orbit torque in
the presence of an in-plane magnetic field, which is fur-
ther corroborated by micromagnetic simulations. This
effect suggests a path towards efficient, deterministic
generation of skyrmions via spin-orbit torques, which
will be advantageous for future skyrmion-based devices.
Current-induced skyrmion motion in our experiments
remains limited by strong pinning effect, pointing out
the key role of sample defects in skyrmion dynamics even
in materials with intrinsically low magnetic damping.
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